Abstract Dental pulp stem cells (DPSCs) are mesenchymal stem cells with high self-renewal potential that have the ability to differentiate into several cell types. Thus, DPSCs have become a promising source of cells for several applications in regenerative medicine, tissue engineering, and stem cell therapy. Numerous methods have been reported for the isolation, expansion, and preservation of DPSCs. However, methods are diverse and do not follow specific rules or parameters, which can affect stem cell properties, adding more variation to experimental results. In this review, we compare and analyze current experimental evidence to propose some factors that can be useful to establish better methods or improved protocols to prolong the quality of DPSCs. In addition, we highlight other factors related to biological aspects of dental tissue source (e.g., age, genetic background) that should be considered before tooth selection. Although current methods have reached significant advances, optimization is still required to improve culture stability and its maintenance for an extended period without losing stem cell properties. In addition, there is still much that needs to be done toward clinical application due to the fact that most of DPSCs procedures are not currently following good manufacturing practices. The establishment of optimized general or tailored protocols will allow obtaining well-defined DPSCs cultures with specific properties, which enable more reproducible results that will be the basis to develop effective and safe therapies.
Introduction
Stem cells are defined as clonogenic, self-renewing, progenitor cells that can generate one or more specialized cell types. These cells have been isolated from many organs and tissues, including bone marrow, blood, heart, intestine, adipose tissue, liver, pancreas and teeth [1] . In particular, the dental tissues have become valuable alternative sources of stem cells because tissue collection for stem cell isolation involves non-invasive procedures, in contrast to conventional sources, such as adipose tissue and bone marrow, nor ethical issues as in the case of embryonic stem cells [2] . To date, several dental stem cells have been isolated, characterized and classified, depending on tissue origin and characteristics, as stem cells from human exfoliated deciduous teeth (SHEDs) [3] , periodontal ligament stem cells (PDLSCs) [4] , dental follicle progenitor cells (DFPCs) [5] , stem cells from apical papilla (SCAPs) [6] and dental pulp stem cells (DPSCs) [7] .
Dental pulp is a soft connective tissue contained in the central cavity of each tooth and is originated by the Beatriz A. Rodas-Junco and Claudia Villicaña have contributed equally to this work. ectomesenchyme, which is derived from migratory neural crest stem cells during early development [8] . Stem cells from dental pulp have been isolated from several sources, including premolars, third molars, supernumerary, permanent and deciduous teeth [3, 7, 9, 10] . These stem cells are termed DPSCs or SHEDs whether they were isolated from adult or deciduous teeth, respectively, and both displayed a typical fibroblast-like morphology in culture [3, 7] . SHEDs exhibit a higher proliferation rate than DPSCs, but both display multidifferentiation potential, especially toward odontogenic lineage, like other dental stem cells [3] . Given the importance of dental stem cells for regenerative and biomedical research, over the last years, numerous methods for the isolation and expansion of DPSCs have been published, but variations, lack of specificity and non-optimal protocols have resulted in the isolation of heterogeneous cell populations, the gradual loss of stem cell properties, spontaneous differentiation, apoptosis and genomic instability mainly during expansion [11] [12] [13] . So, there is a growing interest in optimizing and establishing standard procedures to obtain and preserve well-defined dental stem cell cultures for specific applications, as well as increase efficiency, reproducibility and safety, especially when these cells are intended for clinical approaches [14] . In this review, we compare and analyze current experimental evidence to propose some factors that could be potential candidates for culture optimization and cryopreservation with the aim to improve DPSCs growth and storage. In addition, we highlight other factors related to DPSCs biology that should be considered before tooth selection.
Factors that influence DPSCs properties during experimental procedures 2.1 Teeth transport and short-term storage
Few rigorous studies have been conducted to improve transport and short-term storage medium for teeth, which are crucial to avoid degradation of tissue between the tooth extraction and DPSCs isolation step, whereby little progress has been achieved on this issue. A previous work demonstrated that DPSCs remained viable up to five days after tooth storage at 4°C in phosphate buffered saline (PBS), but viability was dramatically reduced after 24 h of storage, indicating that teeth should be immediately processed to ensure the highest cell recovery [15] . In addition, Ferro et al. [16] recommended the use of fresh pasteurized milk for teeth transport due to its antimicrobial properties. Other procedures involve teeth or dental pulp storage with cryoprotectant agents (CPA), but this issue is discussed later.
Tissue dissociation and stem cell isolation
For DPSCs isolation, the most widely used methods are (1) enzymatic digestion (ED) of tissues or (2) outgrowth from tissue explants (OG). ED enables isolation of single-cell suspensions from primary tissues by digestion with enzymes such as collagenases type I and II, dispase, trypsin and accutase [7, 17, 18] . On the other hand, the OG method is simpler and faster and consists of placing pulp fragments (1-2 mm 3 pieces) directly into the culture plate, so that cells outgrow from the pulp tissue explants [19] . Comparison of two methods showed that DPSCs displayed a higher proliferation rate, differentiation and expressed other surface markers by ED method [20, 21] . In contrast, Hilkens et al. [19] compared both methods and found no significant differences in cell surface marker expression and differentiation potentials. Kerkis et al. [22] isolated a cell population termed dental pulp immature stem cells (IDPSCs) from deciduous teeth using the OG method, and they suggested that the culture of pulp fragments promoted the selective proliferation of IDPSCs preventing premature differentiation. This was supported by the fact that the continuous transfer of explants from deciduous teeth into new cell culture dishes allowed the isolation of IDPSCs at least for six months [23] . Thus, the OG method provides a sufficient amount of stem cells for basic research and transplant models [16, 24, 25] , which may be promising for clinical studies. The establishment of primary cell culture from tissue explants spends more time than enzyme-digested tissues, but enables the isolation of a more homogeneous populations [22, 26] .
Several digestion protocols have been reported for dental pulp dissociation, but the combination of 3 mg/ml collagenase type I and 4 mg/ml dispase has been used more frequently (Table 1) . Nevertheless, digestion protocols have not been compared between them, so the optimal conditions to obtain more viable cells have not been evaluated. In addition, other enzymes or even mechanical dissociation for other stem cells could be useful to be assessed for DPSCs and increase survival during isolation. In this regard, for example, the combination of 0.1% collagenase IV plus 0.25% trypsin EDTA and 5 mg/ml collagenase type II plus 2.5 mg/ml dispase I have been used to isolate DFPCs [38] and PDLSCs [39] , respectively. Finally, devices such as gentleMACS TM dissociator (Miltenyi, Biotec) could be adapted for mechanical dissociation of dental pulp tissue, which may be attractive for clinical stem cell isolation.
Cell attachment
A key step to improve the establishment of primary culture involves the optimal cell attachment in the plastic dish, which can be enhanced through the pre-coating of plastic surfaces with extracellular matrix (ECM) proteins, peptide modified surfaces, synthetic polymeric cations or culture treated surfaces [40] [41] [42] [43] . Some works have used fibronectin [17, 44] and Cell ? surfaces [45] to establish primary cultures of DPSCs, but if these conditions enhanced cell recovery were not determined. Besides, Spath et al. [17] showed that poly-D-lysine did not sustain expansion of DPSCs due to most cells remained in suspension, whereas collagen-coated dishes sustained growth but altered morphology. Interestingly, dental pulp stem cell-derived ECM was found to promote the growth, proliferation and expression of stemness markers of induced pluripotent stem cells (iPSCs) generated from DPSCs, in comparison to matrigel [46] . This finding suggests that ECM components may enhance long-term culture of DPSCs, similar to previous reports in other stem cells [47] . In this regard, ECM provides more than a substrate for attachment, but also plays a key role in signaling events that are essential to maintain stem cell niche [48] . Several ECM molecules, such as recombinant vitronectin [49] , laminin-511 [50] and laminin-521/E-cadherin [51] , have been reported to support long-term culture of pluripotent stem cells. Other options may include the use of synthetic polymers, for example, polyethyleneimine [42] and poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMED-SAH) [52] , which have been shown that promote the attachment of weakly anchoring cells and primary tissues.
Considering that recombinant proteins may significantly increase costs, their incorporation into DPSCs methods will depend on research purposes and a cost-benefit balance to make it a feasible option.
Media for cell culture
One of the most challenged and discussed issue is the media composition for DPSCs culture due to the striking impacts on differentiation potential and stability. To date, an optimal culture medium that avoids spontaneous differentiation and changes in stem cell properties has not been reported. In this section, we compare and analyze cell culture media components commonly used for DPSCs culture in order to suggest some factors that should be considered for further optimization, with the aim to maintain self-renewal and differentiation potential, or formulate new and tailored protocols to isolate DPSCs with particular features directed toward specific uses.
Basal media
The most common culture media used for DPSCs include alpha minimal essential medium (a-MEM), Dulbecco's modified Eagle medium (DMEM), DMEM/Ham's F12 nutrient medium (F12) (DMEM/F12), DMEM low glucose (DMEM-LG) and DMEM Knock Out (DMEM-KO) media (Table 2) . Surprisingly, comparison of cell culture media [7] 3 mg/ml collagenase I, 4 mg/ml dispase 1-2 h at 37°C Mouse incisor [27] 4 mg/ml collagenase I, 4 mg/ml dispase II 24 h at 4°C Deciduous teeth [28] 4 mg/ml collagenase I, 2 mg/ml dispase 1 h at 37°C Incisors [29] 0.2 mg/ml collagenase I, 2 mg/ml dispase 70 min 37°C Third molars [30] 1 mg/ml collagenase I, 2.4 mg/ml dispase 1 h at 37°C Deciduous teeth, adult molars [31] 0.3 mg/ml collagenase I, 0.1% dispase II 1 h at 37°C Deciduous teeth, premolars [10] 1-3 mg/ml collagenase/dispase 20 min at 37°C N S [ 32] 1 mg/ml collagenase/dispase 30 min at 37°C Third molars [26] 3 mg/ml collagenase type I 1 h at 37°C Third molars [33] 3 mg/ml collagenase type I 40 min at 37°C [67] for DPSCs isolation and expansion in equivalent conditions is scarce, but these studies have provided interesting findings. A previous work showed that a-MEM and DMEM-KO were the most optimal culture media maintaining a higher proliferation rate, differentiation potential and lower levels of senescence, when compared with DMEM-LG and DMEM/F12 [34] . Moreover, a-MEM also enhanced the expression of osteogenic genes during differentiation at early and late DPSCs passages, whereas the other media showed a reduced level of the same genes [34] . IDPSCs also exhibited a better growth in a-MEM during isolation and even after cryopreservation in comparison with DMEM-LG and DMEM/F12 [23] . Another study showed that a-MEM increased proliferation, ALP activity and the number of a-smooth muscle actin positive cells (SMA ? ), which represent a potential source of progenitors of odontoblastic cells, when compared with RPMI-1640 medium [70] . Based on these findings, a-MEM could be optimized to improve long-term culture of DPSCs by modifying conditions or supplements to prolong self-renewal, as it has been suggested in other studies [44, 45, 72] . Alternatively, taking advantage that several commercial cell culture media have been designed for pluripotent stem cells (e.g., human embryonic stem cells (hESC) or IPSCs [Reviewed in 73]), these developments should be harnessed to evaluate long-term culture and stability or determine if optimization would be possible for DPSCs culture.
Serum supplementation and humanized substitutes
Standard cell culture media are commonly supplemented with fetal bovine serum (FBS; or also called FCS ''fetal calf serum''), which provides many components required for cell growth, metabolism and proliferation [74] . Most of the culture protocols use high concentrations of serum (10-20%), because it allows for better cell adhesion and growth, and therefore, the isolation of a larger population of DPSCs (Table 2) . However, some concerns have raised by the use of FBS for DPSCs isolation directed toward human cell therapy, because it involves potential risks of infections, severe immune reactions and pathogen contamination [75] . Thus, humanized substitutes, such as human serum (HS) or blood-derived preparations, have been explored as an option to replace FBS supplementation. Isolation and expansion of DPSCs have been successful using DMEM/F12 and StemProÒ MSC media supplemented with 15-20% HS, respectively [64] . Besides, culture medium supplemented with growth factors and 2.5% HS was able to sustain proliferation, osteoblastic differentiation and marker expression similar to FBS-containing media [72] . In addition, similar results to FBS have been achieved by addition of human blood-derived preparations such as platelet lysates (PL) and platelet-rich plasma from human umbilical cord blood (UCB-PRP) during DPSCs expansion [31, 53, 57] . In fact, DPSCs expanded in medium containing 10% PL showed acceptable ranges for all standard quality controls for GMP conditions [57] . Despite the benefits offered by the humanized substitutes, the potential risk of disease transmission or viral infection from human origin remains, as well as variation in composition associated to different human samples. Therefore, the development of chemically defined culture media has gained a lot of importance to satisfy the guidelines required for therapeutic use.
Growth factors and signal molecules
The role of growth factors has been widely characterized in stem cells, especially for differentiation toward specific lineages or inhibition of spontaneous differentiation. Some works have evaluated the effect of growth factors on DPSCs culture ( Table 3) , showing that they can been associated to stimulate proliferation [72] , maintain genomic stability for long-term [30, 44, 45] and enhance growth under low levels of serum [30, 44, 45] . Basic fibroblast growth factor (bFGF, also known as FGF-2) and epidermal growth factor (EGF) have been used routinely for MSCs culture because they have a pronounced mitogenic effect and retain differentiation potential toward several lineages [76, 77] . In fact, it has been confirmed that bFGF enhanced proliferation and stemness in DPSCs [78] . These findings underpin that growth factors and signal molecules that regulate signaling pathways represent key candidates to optimize cell culture media; however, determining the ideal growth factor supplementation is not an easy task due to implicate: 1) the selection of growth factors alone or in combination that displayed a positive effect on growth and survival of DPSCs, and 2) determination of the optimal concentrations that stimulate proliferation without compromising differentiation potential and stability. Taking into account that growth factors may trigger multiple biological effects regulating cell fate, specific protocols can be established to increased commitment of stem cells into particular lineages when is required. For example, bone marrow stem cells grown under high concentrations of bFGF enhanced commitment toward osteogenic lineage, but decreased neuronal differentiation [79] , whereas addition of vascular endothelial growth factor (VEGF) increased commitment into osteogenic lineage in PDLSCs [80] . Interestingly, Wnt/b-catenin pathway inhibited osteogenic differentiation in DPSCs suggesting that maintained them in an undifferentiated state [81] , albeit if Wnt/ b-catenin activation increased stemness was not evaluated. Based on this finding, the understanding of signaling pathways involved in stemness and differentiation will provide novel targets to modulate stem cell fate, enabling cell culture to support DPSCs expansion in the undifferentiated state.
Serum-free chemically defined media
Despite HS or blood-derived substitutes can be used to isolate stem cells for clinical applications, they contained several undefined compounds, which vary depending on each donor [74, 75] . So, the development of chemically defined media is the ultimate goal for therapeutic use due to composition is totally controlled, as well as precise concentrations are known. So far, few reports have documented the isolation and expansion of DPSCs in serum-free chemically defined media. Khanna-Jain et al. [64] reported that StemPro Ò MSC was unsuccessful to establish primary cell culture and poorly sustained expansion of DPSCs with a low proliferation and differentiation capability. TakedaKawaguchi et al. [18] tested several serum-free chemically defined media for isolation and expansion of DPSCs from third molars, but only MSCGM-CD medium supported DPSCs culture comparable to FBS-containing media. So, there is an imminent need to develop new formulations employing defined components that support DPSCs expansion and stemness, guarantying reproducibility and safety.
Additional supplements
Other compounds added to cell culture not only provide the nutritional requirements for sustaining cell growth and proliferation, but also modulate commitment and maintenance. Glucose is an essential source of energy for cells, but higher concentrations have been associated to induce replicative senescence in MSCs, especially under high oxygen concentrations [82] . In PDLSCs, high glucose levels inhibited proliferation and osteogenic differentiation [83] , revealing that glucose concentration may be an important factor that modulates DPSCs behavior. Besides, Insulin-Transferrin-Selenium (ITS) was shown to increase cell proliferation during first passages of DPSCs cultures, although induced senescence several days before than DPSCs grown on basal medium without ITS [45] . Interestingly, Biodentine TM , a tricalcium silicate cement formulation that enhance osteogenic differentiation, was shown to increase proliferation, migration and adhesion of DPSCs under normal culture medium [84] , although if Biodentine modified differentiation potential was not evaluated. Other compounds such as dexamethasone, ascorbic acid and b-glycerophosphate, have been demonstrated that enhance the commitment of DPSCs toward osteogenic and odontogenic lineages [85, 86] , which could be directed for the establishment of specific protocols. On the other hand, Rho-associated coiled coil kinase (ROCK) inhibitor Y-27632 has been reported that prevents dissociation-induced apoptosis [87] , delays senescence during passaging [88] and increases survival of cryopreserved stem cells after thawing [89] . Based on these findings, Y-27632 inhibitor could be tailored to DPSCs protocols to improve primary culture, expansion and cryopreservation methods.
Culture conditions
During cell culture, several environmental conditions (temperature, humidity, acidity among others) but, in particular, the levels of oxygen play a crucial role influencing the growth of cells. The physiological oxygen levels vary from 3% to 6% in adult organs and tissues, in contrast to 18% to 21% reached in conventional cell culture systems [90] , causing hyperoxic conditions and oxidative stress. Recently, it has been demonstrated that 21% O 2 decreased cell proliferation and promoted the activation of antioxidant defenses in DPSCs when compared to 3% O 2 [91] . These effects were reversed through supplementation with trolox, a vitamin E analog, which reduced oxidative effects triggered by 21% O 2 and increased proliferation at similar levels found in hypoxic cultures [91] , highlighting the importance of oxygen levels in cell culture. In other stem cells, hypoxia induced the expression of stemness genes such as Oct4, nanog, sall4 and Klf4, as well as reduced spontaneous differentiation and maintained chromosome stability for long-term cultures [92, 93] . Another strategy to reduce oxidative stress involves the addition of antioxidants, such as N-acetyl-L-cysteine and L-ascorbic acid 2-phosphate, to change the redox conditions in cell culture [94, 95] . However, antioxidant concentration should be carefully optimized and evaluated due to the possible side effects in stem cell biology at long-term.
Cell selection by sorting methods
The homogeneity of cell culture populations at a defined stage of differentiation is a requirement needed to guarantee reproducibility and safety in basic and clinical (Table 4) . Despite these efforts, there is a lack of consensus to define the combinations of relevant cell surface markers to identify specific DPSCs subpopulations, and it is clear that more markers still need to be explored. In addition, it has been reported that DPSCs exhibit the ability to exclude Hoechst33342 dye enabling the isolation of a CD31 -/CD146 -''side population'' (SP) with highly angiogenic potential [102] , but the use of Hoechst dye as a selective method is so far for therapeutic use because this dye is a potential carcinogen and affects differentiation [104] .
Cryopreservation and banking
The development of reliable methods for cryopreservation and banking is essential for stem cell research and future clinical applications. Two storage methods are commonly used: traditional cryopreservation and magnetic cryopreservation/freezing. A general protocol for traditional cryopreservation consists in the addition of 10% dimethyl sulphoxide (DMSO) (or other CPA) in complete medium or FBS, followed by slow freezing (conventional or programmed) and storage in liquid nitrogen, which has been applied for preservation of DPSCs [15, 16, 22, 105] . Using this method, DPSCs were capable of bone differentiation in vitro and transplantation assays after 2 years of cryopreservation [106] . Viable DPSCs have also been recovered from cryopreserved entire pulp from third molar and deciduous teeth, displaying cell surface markers and differentiation potential similar to fresh cultures [54, 59, 107] , although morphological alterations and lower proliferation rates have been reported [59] . Wood et al. [107] isolated DPSCs from cryopreserved third molars and entire or digested pulp tissues, but results were not reproducible between samples. However, they demonstrated that cryopreserved DPSCs isolated from fresh tooth were functional after storage at -85 and -196°C at least for 6 months [107] . In addition, digging micro-channels into the tooth has been suggested to increase DMSO penetration, which may improve cell viability in deciduous teeth banked at -80°C [108] .
On the other hand, magnetic cryopreservation, also called Cell Alive System (CAS), is a new technology in which a weak magnetic field is applied to cells and tissues in order to low the freezing point by up to 6-7°C, enhancing vitrification without inducing cell membrane damage caused by ice expansion and nutrient drainage [109] . Magnetic cryopreserved premolars retained 73% DPSCs viability with no visible changes in the morphology, expression of stem cell markers, osteogenic and adipogenic potential when compared to cells isolated from fresh teeth [110] . Another study showed that magnetic cryopreserved DPSCs exhibited a post-thawing cell viability, proliferation, expression of surface markers and differentiation ability similar to fresh DPSCs and better than traditional cryopreserved cells [29] . Importantly, this study evidenced that magnetic cryopreservation preserved cells using a reduced DMSO concentration (3%) in serumfree cryopreservation solution, make it promising for banking cells directed toward stem cell-based therapies [29] . In addition, tooth banking for tooth autotransplantation has also been successfully performed using this method, showing satisfactory implantation outcomes in patients [111, 112] . At histological level, magnetic cryopreservation retained tissue architecture of tooth under storage, maintaining viable cells of odontoblastic region and cell-rich zone, where MSCs from dental pulp reside, while traditional cryopreservation disrupted and damaged the tissue [113, 114] .
These methods undoubtedly offer promising options for preserving cells, tissues and organs. However, optimization is still ongoing and involves the determination of the optimal magnetic field, slow-freezing programs and composition of cryopreservation solution. In this regard, DMSO is the most common CPA used for cryopreservation, but is toxic to tissues and cells rising some concerns for clinical applications [115] [116] [117] . However, little work has been conducted to test other CPAs or supplements that improve DPSCs storage, and alternatively, the development of methods or devices for CPA removal. It has been confirmed that DMSO preserved DPSCs with higher viability upon ethylene glycol or propylene glycol under traditional cryopreservation [107] . Promising results have been obtained using trehalose/DMSO for umbilical cord blood cells [118] , glucose/sucrose/ethylene glycol cocktail for DFSCs [119] and polyvinylpyrrolidone polymer for adipose derived stem cells (ASCs) [120] , which could be evaluated for DPSCs cryopreservation. Other additives, such as ROCK inhibitor Y-27632, which enhances viability of cryopreserved pluripotent stem cells and stimulates colony growth when added to culture medium after thawing [89] , should be evaluated for preservation of DPSCs.
Other factors influencing DPSCs properties
In addition to experimental procedures, several works have pointed out other factors that should be considered for tooth selection. It has been demonstrated that SHEDs possess higher proliferation rates and differentiation potential even after freezing and storage than DPSCs [10, 54] . A possible explanation may be associated with the loss of a more immature state due to aging, which may lead to reduced viability, proliferation and differentiation [103] CD271 is the same that LANGFR, low-affinity nerve growth factor receptor; CD117 is c-kit marker G-CSF growth colony stimulating factor, CXCR4 CXC chemokine receptor type 4, NS not specified Tissue Eng Regen Med (2017) 14(4):333-347 341 potential [67, 121] . Some studies suggest a maximum donor age of 25 years old to isolate high-quality stem cells from permanent teeth, because DPSCs obtained from older tooth displayed a low level of telomerase expression [98] and proliferation rate [67] , although differentiation potential is slightly reduced [67] . Moreover, tooth aging may increase the risk of acquired mutations throughout donor life, compromising the quality and safety of DPSCs [122] . On the other hand, genetic background also must be considered in tooth selection and interpretation of results of further studies based on DPSCs cell lines. Particular mutations or polymorphisms present in the donor genome can have a profound effect on cellular processes, such as differentiation toward certain lineages or represent a risk factor for developing a disease [123, 124] . Despite these conditions are not desirable for transplants, it is important to underline that patient-derived DPSCs could be tremendously useful for modeling human disorders and drug screening, broadening their applications [123, 125] . Fig. 1 Schematic representation of critical steps followed from tooth selection to DPSCs cryopreservation and applications. Each step summarizes critical factors that should be considered for optimization in order to improve DPSCs culture and stability during manufacturing. For tooth selection, several factors related to donor characteristics must be considered to establish specific criteria according to research interests. As we can see, many key factors fall into cell culture formulation suggesting that this issue is one of the most important to establish general or tailored protocols and obtain DPSCs with specific properties, as well as the long-term maintenance of cultures. Homogeneous populations of DPSCs may be cryopreserved or directly applied to basic or clinical research, either previous or simultaneous molecular and biochemical characterization. A quality control assessment (blue box) should be required not only for banking, but also to ensure the safety of these stem cells before application. (Color figure online) many improvements need to satisfy International GMP guidelines to generate established and accepted protocols for human applications. This issue has been reviewed by Ducret et al. [14] , where they proposed several modifications for a more GMP-compliant approach, emphasizing the criteria for tooth selection and the use of serum-and xeno-free components at clinical grade to process tooth and expand cell culture, which represent the major goals to produce cellbased products for cell therapy [14] . With the growing interest in clinical application, allogenic banking of DPSCs could provide a platform for the development of therapeutic products, however, immune rejection still remains as a major concern for cell transplantation. A potential strategy to minimize the risk of rejection may imply the use of the human leukocyte antigen (HLA) typing, which could ensure the HLA compatibility between patient and DPSCs cell lines [126] . In addition to HLA typing, DPSCs should be assessed for the presence of pathogens, virus, toxins as well as other immunological risks as a pre-requisite for banking. Finally, new strategies or the modification of current policies need to be developed to explore the translational potential of DPSCs toward effective clinical therapies, which would be important to feedback current experimental protocols allowing their optimization. These actions involve researchers/clinicians and regulatory institutions to develop new approaches to solve these limitations, encouraging to evaluate the therapeutic potential of DPSCs through clinical trials or procedures.
Future challenges

Conclusions
Current methods for the isolation, expansion and preservation of DPSCs have reached significant improvements, but undoubtedly, optimization is still required, especially to follow more homogeneous rules to reduce phenotypic variation and address safety issues to generate DPSCs for cellular therapy. The detailed analysis of the steps from tooth selection to cryopreservation highlighted some factors that can be essential to maintain stem cell properties, becoming potential candidates for further optimization, either general or tailored protocols (Fig. 1) . One of the most challenging issue is the cell culture media optimization due to the large number of components, but importantly represents the cornerstone to maintain wellcharacterized DPSCs in vitro. In this regard, key media ingredients (e.g. growth factors, nutrients and other additional supplements) should be optimized by trial and error until satisfactory results are reached. On the other hand, biological factors associated with dental source should be considered to establish specific criteria for tooth selection according to research needs. Nevertheless, we noticed that research focused on solving the clinical limitations associated with the use of animal-derived or xenobiotic compounds, has received less attention. Thus, more studies should be directed for the development of new strategies and methods to promote the progress of DPSCs as stem cell-based therapies in clinical trials.
